Trehalose considerably increased the tolerance of Escherichia coli to air drying, whether added as an excipient prior to drying or accumulated as a compatible solute in response to osmotic stress. The protective effect of exogenously added trehalose was concentration dependent, up to a threshold value of 350 mM. However, trehalose alone cannot explain the intrinsically greater desiccation tolerance of stationary compared to exponential phase E. coli cells, although their tolerance was also enhanced by exogenous or endogenously accumulated trehalose. In contrast, glycine betaine whether added as an excipient or accumulated intracellularly had no influence on desiccation tolerance. These data demonstrate that the protection provided by compatible solutes to cells subjected to desiccation differs from that during osmotic stress, due to the much greater reduction in available cell water. The protective effects of trehalose during desiccation appear to be due to its stabilising influence on membrane structure, its chemically inert nature and the propensity of trehalose solutions to form glasses upon drying, properties which are not shared by glycine betaine. z
Introduction
Anhydrobiotic organisms, such as soil nematodes, tardigrades, brine shrimps and the so called resurrection plants, Selaginella lepidophylla and Myrothamnus £abellifolia, are able to survive extended periods of desiccation and recover completely upon rehydration [1] . Whilst the mechanisms of desiccation tolerance are not completely understood, a common feature is the accumulation of high tissue concentrations (up to 20% w/w) of the disaccharide trehalose [1] . Similarly, in microorganisms, exponential phase cultures of Saccharomyces cerevisiae are sensitive to freeze drying, whereas stationary phase cells which naturally accumulate trehalose showed increased desiccation resistance [2] . However, this e¡ect is independent of growth phase, as exponential phase S. cerevisiae cells subjected to heat shock rapidly synthesised trehalose and simultaneously acquired in-creased desiccation tolerance [3] . Similarly, trehalose added as an excipient prior to freeze drying enhanced the tolerance of both exponential and stationary phase yeast [2] . Additionally, in vitro studies have demonstrated that trehalose can stabilise both isolated membrane vesicles and enzymes, and the membranes and proteins of intact cells in the desiccated state [4^7] .
Few studies have focused on the role played by trehalose in the desiccation tolerance of bacteria, although exogenously added disaccharides and in particular trehalose have been shown to enhance the desiccation tolerance of the enteric bacterium Escherichia coli during both air and freeze drying [6, 7] . E. coli also synthesises trehalose to high intracellular concentrations as a compatible solute when subjected to osmotic stress in simple glucose mineral salts media, as trehalose accumulation is central to its osmoadaptive strategy [8, 9] . However, in the presence of exogenous glycine betaine (GB), trehalose synthesis is repressed and GB is accumulated [8, 10] . In this study, we have exploited the osmoadaptive strategy of E. coli to investigate the in£uence of intracellular trehalose and GB on the desiccation tolerance of this bacterium when subjected to air drying and compared these e¡ects with those of exogenously added trehalose or GB.
Materials and methods

Bacterial strains and growth conditions
E. coli NCIB 9484 was grown in a basal growth medium consisting of 10 mM glucose, 20 mM (NH R ) P HPO R , 10 mM HEPES bu¡er, 5 mM NaCl, 1 mM KCl, 0.4 mM MgSO R and 6 WM (NH R ) P SO R WFeSO R . The bulk medium minus glucose was prepared in distilled water, the pH was adjusted to 6.8 using 1 M HCl and aliquots (100 or 500 ml) dispensed to 250-or 1000-ml Erlenmeyer £asks and autoclaved at 121³C for 20 min. Glucose was autoclaved separately and aseptically added to the bulk medium when cool. NaCl was added to the medium prior to autoclaving to give the ¢nal concentrations indicated in the text. GB when added was added to the growth medium prior to autoclaving to a ¢nal concentration of 1 mM. GB e¡ectively inhibits trehalose synthesis in osmotically stressed cells and results in the intracellular accumulation of the GB as a compatible solute [8, 10] . Cultures were inoculated with 1% v/v of a stationary phase culture grown in the equivalent growth medium and incubated in a orbital shaker at 150 rpm and 37³C for 12 h (exponential phase cells) or 36 h (stationary phase cells).
Harvesting, drying and storage of cells
Aliquot volumes (1 ml) of cultures were dispensed into 1.5-ml Eppendorf tubes and harvested by centrifugation for 5 min using a Sarstedt microfuge. Cell pellets were rinsed with either 1 ml of isotonic saline (controls, trehalose and GB induced cells) or the relevant wash solution of trehalose or GB. Cells were pelleted by centrifugation for 5 min, the supernatant carefully decanted and the cells dried in a vacuum desiccator in the dark at room temperature, using silica gel as desiccant. All samples were stored in the vacuum desiccator at room temperature, until assessed for viability.
Determination of cell viability
The dehydrated cell pellets were resuspended in 1 ml of sterile 0.9% w/v NaCl and the cell suspension was used as the starting point for a decimal dilution series in 0.9% NaCl. Triplicate 0.1-ml aliquots from each dilution level were aseptically spread on to nutrient agar plates and the plates incubated overnight at 37³C. At suitable dilution levels the numbers of produced colonies were counted to determine the residual concentration of viable cells. All data are expressed as colony forming units (CFU) per ml of the original culture.
Determination of intracellular trehalose and glycine betaine concentrations
Culture samples (50 ml for trehalose or 400 ml for glycine betaine) were harvested by ¢ltration through 55-mm GF/F ¢lters (Whatman) and the ¢lters rinsed with 50 ml of isotonic saline. Filters were extracted overnight in 50 ml 70% v/v ethanol containing the appropriate internal standard. The ethanol extracts were rotary evaporated to dryness at 40³C. Trehalose concentrations in the residue were determined as described [9] , with 0.5 mg sucrose used as internal standard. Samples for GB were analysed by proton nuclear magnetic resonance spectroscopy as described [11] , using a Bruker WH 360.F.T. NMR spectrometer operating at 90 MHz with D P O as the locking signal, with 2.1 mg sodium acetate used as internal standard.
Mean cell volumes and biovolumes (Wl cell volume ml culture 3I ) were determined using a Coulter ZB(I) particle size analyser ¢tted with a 30-Wm aperture and linked directly to a C1000 chanelyzer and an Acorn microcomputer. Cell volumes and biovolumes were determined for 50-Wl aliquots of culture diluted in 25 ml of iso-osmotic NaCl to avoid osmotically induced volume changes.
Results
Exogenously added trehalose dramatically increased the viability of E. coli cells even at low concentration following 5 days storage in an evacuated desiccator ( Fig. 1) , with the residual viability increasing with the trehalose concentration of the washing solution used up to 350 mM trehalose. Trehalose concentrations above this threshold did not result in further increases in desiccation tolerance and residual viabilities for cells washed with 350, 500 or 750 mM trehalose after 5 days desiccation plateaued at approximately 3U10 U CFU ml 3I , equivalent to 5% of the initial culture titre of 6.1U10 V CFU ml 3I . During time course experiments using exponential phase cells, untreated control cells were highly sensitive to desiccation, viability declined rapidly with time and no viable cells were detectable following 7 days desiccation (Fig. 2 ). Cells washed with a 25 mM trehalose solution showed an elevated tolerance to desiccation. Initially, there was a rapid decline in viability over the ¢rst 3 days, which may correspond to the drying period, and thereafter, viability declined linearly with time. Similarly, cells washed with a 250 mM trehalose solution exhibited an initial sharp decrease in viability followed by a slower linear decline (Fig. 2) , however, the extent of the initial losses and the rate of decline thereafter were very much reduced, with a culture viability of 6.9U10 U CFU ml 3I (4.2% of initial viability) recorded after 50 days desiccation. Further, increases in the trehalose concentration of the washing solution did not further enhance desiccation tolerance and the survival curve for cells treated with a 1 M washing solution closely mirrored that recorded for cells treated with 250 mM trehalose (data not shown). In contrast, treatment with 25 or 250 mM GB solutions prior to drying had little e¡ect on the desiccation tolerance of E. coli. All survival curves were similar to the control and no viable cells were detectable after 15 days storage (Fig. 2) .
Cultures of E. coli grown in media supplemented with NaCl to induce intracellular trehalose accumulation also demonstrated much greater tolerance to desiccation (Fig. 3) . Control cells which did not contain trehalose were desiccation sensitive and no viable cells were detectable after 20 days drying. Cultures grown in the presence of 0.3 and 0.6 M NaCl accumulated trehalose to intracellular concentrations of 28 and 326 mM respectively and this correlated with increased survival during drying. As observed in treatments with exogenous trehalose, survival curves showed an initial rapid decline in viability followed by slower linear decreases, although both the extent of the initial decline and the subsequent rate of decrease were reduced at the higher intracellular trehalose concentration (Fig. 3) tion tolerance (data not shown). Intracellular accumulation of GB during growth in media supplemented with 0, 0.3 or 0.6 M NaCl and 1 mM GB had no discernible in£uence on desiccation tolerance and cells containing 0 (control), 39 or 343 mM GB exhibited similar survival curves (Fig. 3) and no viable cells were detectable in any of the treatments after 20 days drying.
Stationary phase E. coli cells exhibited intrinsically higher desiccation tolerance (Fig. 4) . Controls exhibited a cell titre of 5.9U10 Q CFU ml 3I , equivalent to 0.002% of the initial viability, after 50 days drying, a % survival of the same order as exponential phase cells containing 28 mM trehalose (Fig. 3) and considerably greater than control exponential phase cells, where no viable cells were detected after 7^20 days drying (Figs. 2 and 3 ). Pre-treatment of the cells with a 250 mM trehalose wash solution further enhanced desiccation tolerance almost 150-fold compared to the control and intracellular accumulation of trehalose to a concentration of 264 mM increased tolerance more than 3000-fold with the ¢nal cell titre of 8.1U10
U CFU ml 3I representing 6.5% of the initial culture titre.
Discussion
Previous studies of the in£uence of compatible solutes on the tolerance of E. coli and other bacteria to drying [6, 7, 12] have mainly examined the e¡ects of exogenously added solutes and this is the ¢rst study to report data on the in£uence of intracellular trehalose in bacteria. Additionally, with the exception of the study of Louis et al. [6] , only short-term (1^3-day) survival has been examined and thus it is di¤-cult to distinguish whether the increased viability of cells reported was due to protection provided during the drying process (compatible solute e¡ects; see below) or a true protection of the cells in the desiccated state. In our longer-term experiments trehalose, whether added exogenously in a wash solution or accumulated intracellularly in response to osmotic stress, substantially increased the tolerance of E. coli to a subsequent desiccation stress. A similar protection of bacterial cells by exogenously added sugars has been reported during freeze drying [7] . However, freeze drying di¡ers fundamentally from the air drying process to which bacteria are more commonly exposed in nature, since freezing of the samples imposes an additional stress and in contrast to air drying, freeze dried sugar solutions do not form the amorphous glasses which are proposed to play a crucial role in desiccation tolerance [4] .
In contrast to trehalose, GB had no discernible in£uence on the desiccation tolerance of E. coli as has been reported for exogenously added GB during both air and freeze drying [6] . However, intracellularly accumulated GB has previously been reported to enhance the desiccation tolerance of some strains of lactobacilli during short-term (72-h) drying [12] . Our results indicate that there are fundamental differences in the modes of protection provided by these compatible solutes during osmotic and desiccation stresses. During osmotic stress, both GB and trehalose have been proposed to stabilise intracellular enzymes by being preferentially excluded from the immediate hydration sphere of the protein and thus the hydration status of the protein is una¡ected by the change in water availability resulting from osmotic dehydration of the cell [13] . According to the principles of the solute exclusion theory, both trehalose and GB would be expected to stabilise protein structures during the drying process and protect proteins from the denaturing e¡ects of the increased intracellular ionic strength resulting from the cell water loss [13] . However, air drying results in a very much greater e¡ective removal of cell water than osmotic stress and in the desiccated state, the residual cell water may be insu¤cient to maintain even a single layer of water molecules around cellular macromolecules [14] . Therefore, solute exclusion theory cannot account for the protection of enzymes or other biological macromolecules in the truly desiccated state. However, compatible solute e¡ects during the drying process may explain the apparent protection by intracellular GB of some Lactobacillus species during short-term desiccation experiments [12] , whereas no protection of E. coli by intra-or extracellular GB was observed in our experiments (Figs. 2 and 3) or those of Louis et al. [6] when the cells were stored for several weeks in the dry state.
Trehalose has been proposed to protect membrane phospholipids due to direct hydrogen bonding between the sugar and the phospholipid head groups.
Hydrogen bonded trehalose replaces the normal 101 2-hydrogen bonded water molecules, thereby retaining the normal head-group spacing of the membrane lipids. As a result the normal liquid-crystal state of the membrane is maintained and deleterious phase transitions to the gel phase, which would result from increased van der Waals interactions between the lipid hydrocarbon chains, during the removal of hydrogen bonded water in the absence of trehalose are prevented [1,6^8,14] . The protection of proteins and other cellular macromolecules is associated with the propensity of trehalose like other sugars to form glasses upon drying [4, 14] , in the amorphous glass phase, molecular motion and therefore reaction rates between biological molecules trapped within the glass are insigni¢cant ( [4, 14] and references therein). The greater e¤cacy of trehalose glasses over other sugar glasses in preserving dried biomolecules is attributed to its chemically inert nature which prevents reactions between the bulk glass phase and the molecules embedded in it, such as Maillard cascade reactions between sugars and proteins, which is responsible for the typical browning of dried foodstu¡s and is driven by water loss [4, 14, 15] . A direct mechanism for protein stabilisation by sugars, via hydrogen bonding (water replacement) between trehalose and proteins, has also been proposed [5, 7, 14] . However, whilst hydrogen bonding may play a role in the preservation of dried proteins, the water replacement theory cannot account for the greater stability of trehalose dried proteins over proteins dried with other sugars or polyols which would be equally capable of forming multiple hydrogen bonds [4] . For example, if the spatial arrangement of the hydroxyl groups were the major criterion, then glucose should be equally e¡ective as trehalose (di-glucose), whereas if molecular mimicry of water was the crucial feature then scyllo-inositol with its axial hydroxyl groups would theoretically be the most e¡ective protectant [4] . However, in practice glucose and scyllo-inositol are amongst the poorest excipients for the preservation of dried proteins [4] .
Thus, in our experiments the accumulation of trehalose during osmotic stress would protect cells against subsequent desiccation by direct substitution of trehalose for water hydrogen bonded to the membrane lipids and a general protection of the cell due to the formation of an intracellular inert trehalose glass. Similarly, exogenously added trehalose would protect the outer phase of the membrane and could enter the cells either by passive di¡usion across the cell membrane or as a result of changes in membrane permeability caused by the cooling resulting from latent heat of evaporation during the vacuum drying process, which could result in membrane phase transitions [7] . Leslie et al. [7] have demonstrated a rapid in£ux of trehalose into bacterial cells upon cooling, as the cell membrane approaches the phase transition temperature, and this may represent a mechanism to introduce trehalose into cells which are unable to synthesise it and thereby increase their tolerance to desiccation. However, trehalose accumulation cannot be the only factor associated with desiccation tolerance in E. coli, as stationary phase cells were inherently more tolerant than exponential phase cells, although trehalose did further increase the tolerance of these cells, with intracellularly accumulated trehalose providing greater protection than exogenously added trehalose at a similar concentration (Fig. 4) . Whilst trehalose synthesis in E. coli is known to be under the control of the stationary phase sigma factor rpoS, the levels of trehalose accumulated by stationary phase cells are extremely low [16] and in the case of the stationary phase cells used in this study were below the detection limit (W2 mM). It would therefore seem unlikely that the increased tolerance was due solely to trehalose. Thus, it would appear that the inherently higher desiccation tolerance is, at least in part, due to other physiological changes in the cells, associated with the onset of the stationary phase.
